The transcriptional apparatus of archaea (formerly archaebacteria [49] ) bears a striking resemblance to the transcriptional systems found in eucarya (eucaryotes) (for a review, see reference 51). Unlike the relatively simple bacterial RNA polymerases, the archaeal and the eucaryal RNA polymerases display complex subunit compositions. Archaeal RNA polymerases typically contain 12 or more subunits, and these proteins share immunological cross-reactivity and sequence similarity with eucaryal RNA polymerase subunits (51) . The relatedness of these two systems can also be seen in the structures of their promoter elements. A comparison of sequences upstream of archaeal genes has revealed two conserved sequence elements, box A and box B (17, 42, 48, 51) . The box A element is located approximately 25 bp upstream of the transcription start site and has the general consensus 5Ј-T/CTTAT/ AA-3Ј. The core TATA sequence of this element is similar in location and sequence to the TATA promoter element recognized by eucaryal RNA polymerase II (5, 41, 47) . The box B element contains the transcription start site and has a weak consensus 5Ј-T/CG/A-3Ј, with transcription beginning with the purine residue (17) . Functional studies using in vitro transcription systems from Methanococcus vannielii, Methanococcus thermolithotrophicus, and Methanobacterium thermoautotrophicum (13, 14a, 18, 19, 25a) and Sulfolobus shibatae (17, 21a) have confirmed that the core box A TATA-like sequence is important in determining the efficiency of transcription initiation. The archaeal and eucaryal transcription systems may also share common mechanisms for promoter recognition and transcription initiation. In its most general form, initiation of transcription by eucaryal RNA polymerases is dependent on the interaction of the core RNA polymerase with proteins, transcription factors, and regulatory proteins already bound to the DNA. This is in contrast to bacterial RNA polymerases, which require the association of a sigma factor with the core enzyme before binding to the DNA. The recent descriptions of archaeal genes encoding the eucaryal-like transcription factors TFIID (31, 43) (TATA-binding protein [TBP] ), TFIIB (7) , and TFIIS (24, 28) and the observation that Pyrococcus woesei TBP binds specifically to TATA-containing DNA fragments (43) suggest that archaea use eucaryal-like DNA-binding proteins in the initiation of transcription. Before the relationship between these two systems can be fully defined, a better understanding of the archaeal transcription process is needed.
In this study we used a plasmid-based transcriptional reporter system to examine the transcriptional effects of single point mutations in the box A region of the Haloferax volcanii tRNA Lys gene. We provide support for the hypothesis that all archaea share a common promoter structure and confirm that the TATA-like sequence is important in determining promoter efficiency in vivo. We also show that sequences other than the box A element can play an essential role in determining transcription efficiency in vivo.
MATERIALS AND METHODS
Culture conditions and materials. H. volcanii WFD11 (6) was grown aerobically at 37ЊC in complex medium (8) , and when necessary to ensure maintenance of pWL-based expression plasmids, this medium was supplemented with 20 M mevinolin (a gift from Merck and Co., Inc.). Escherichia coli DH5␣-FЈ and JM110 were cultured in Luria broth (LB) medium or LB medium supplemented with 100 g of ampicillin per ml when cells carried pUC-or pWL-based plasmids.
T4 polynucleotide kinase, T4 DNA ligase, and all restriction enzymes were purchased from Bethesda Research Laboratories; Sequenase, X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), and IPTG (isopropyl-␤-D-thiogalactopyranoside) were obtained from United States Biochemicals; AmpliTaq DNA polymerase and GeneAmp core reagents were purchased from Perkin Elmer; and Zeta-Probe nylon membranes were obtained from Bio-Rad Laboratories. All oligonucleotides used in this study were synthesized by The Ohio State University Biochemical Instrument Center.
Amplification of DNA sequences. DNA sequences were amplified by PCR in a Perkin-Elmer Cetus DNA Thermal Cycler with AmpliTaq DNA polymerase and GeneAmp core reagents. Reactions were carried out in 100-l volumes containing AmpliTaq DNA polymerase (5 U), 100 ng of template DNA, 0.2 M primers, 200 M deoxynucleotide triphosphates, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , and 0.001% gelatin. Each reaction mixture was subjected to 30 cycles of amplification (1 cycle: strand separation at 94ЊC, 1 min; template-primer annealing at 50ЊC, 1 min; and DNA strand extension at 72ЊC, 2 min).
Generation of point mutations in H. volcanii tRNA Lys promoter box A element and replacement of purine-rich sequence. We have previously constructed a transcription reporter plasmid that carries the H. volcanii tRNA Lys promoter and a modified form of the Saccharomyces cerevisiae tRNA Pro(UGG) gene as the reporter (37) . In this construct the H. volcanii tRNA Lys promoter-containing fragment has been reduced to a 48-bp region that contains the box A and box B elements and a purine-rich element located 5Ј of the box A element (Fig. 1A) . Transcription from this promoter begins within the expected box B element and results in the production of a single stable transcript that can be detected by Northern (RNA) analysis (37, 39) .
A series of 11 oligonucleotides (termed MUTP) complementary to segments of the shortened tRNA Lys promoter-containing module were used to introduce point mutations into the box A element of the tRNA Lys promoter. Each oligonucleotide was degenerate for the 3 non-wild-type bases at a single site, beginning at position Ϫ29 and ending at position Ϫ19, with respect to the transcription initiation site (Fig. 1A) . The sequences 5Ј to this site on each oligonucleotide were designed to be complementary to the promoter module sequence, up to position Ϫ41. Six noncomplementary bases were added to the 5Ј terminus of the oligonucleotides to generate a HindIII restriction site, and 10 complementary bases were added to the 3Ј site of the mutation to ensure efficient amplification. For example, the oligonucleotide MUTP-2 (5Ј-CGTGCAAAGCTTGAAAG GAAAGTC[G/T/C]TTTTACCCAC-3Ј) was used to introduce mutations at position Ϫ29. The plasmid pUC302, which contains the shortened H. volcanii tRNA Lys promoter immediately upstream of the yeast reporter gene (39) , was used as the template DNA for PCR-based mutagenesis. The DNA between the regions of pUC302 complementary to each MUTP oligonucleotide and the universal pUC/M13 Ϫ40 primer was amplified by PCR. Each of the amplified DNAs was digested with the restriction enzymes HindIII and EcoRI, and these DNAs were ligated into the equivalent sites of pUC19. The ligation products were then used to transform E. coli DH5␣-FЈ, and the plasmid DNAs isolated from the resulting transformants were screened by DNA sequence analysis for each of the 33 possible point mutations in the tRNA Lys promoter box A element. Finally, each HindIII-EcoRI expression cassette was subcloned into the corresponding sites of pWL201 (35) to produce a series of H. volcanii-E. coli shuttle expression vectors constituting a complete set of tRNA Lys promoter box A point mutations between positions Ϫ29 and Ϫ19 (Fig. 1A) .
PCR-based mutagenesis was also used to construct a mutant tRNA Lys promoter in which the purine-rich region, residues Ϫ41 to Ϫ32 (Fig. 1A and 2A ), was replaced with a pyrimidine-rich sequence. The oligonucleotide 5DELPUR (5Ј-CGTGCAAAGCTTCCCTTGCGGCTCATTTTACCCACCGGCAGT-3Ј) and the universal pUC/M13 Ϫ40 primer were used to amplify sequences of the promoter reporter region of plasmid pUC302T. This plasmid differs from the plasmid pUC302 (38) by having a single point mutation at position Ϫ2, changing a cytosine to a thymine. This change had no effect on the transcriptional efficiency or the transcriptional start selection (data not shown). In addition to replacing the purine-rich sequence, amplification with the 5DELPUR oligonucleotide introduced a HindIII site at the promoter end of the DNA fragment. The amplified DNA was digested with HindIII and EcoRI, and this DNA was cloned into the corresponding sites of pUC19 to give the plasmid pUC5DELPUR. The mutation was verified by DNA sequence analysis, and the HindIII-EcoRI fragment of pUC5DELPUR was subcloned into the HindIIIEcoRI sites of the H. volcanii-E. coli shuttle vector pWL201 to give the plasmid pWL5DELPUR.
Transformation of H. volcanii. H. volcanii cells used in the transformation were grown to a culture density corresponding to an A 550 of 0.5, pelleted by centrifugation (3,500 ϫ g for 5 min), and gently resuspended in 1/20 volume of spheroplasting solution (35) . Transformation was carried out as described previously (35) , except that the plasmid DNAs were first introduced into E. coli JM110. Previous results have demonstrated that plasmid DNA with dam-methylated A residues (propagated in E. coli DH5␣-FЈ) transform H. volcanii at only 2% of the efficiency observed by using unmethylated DNA (propagated in E. coli JM110) (21, 36) . Therefore, immediately prior to all H. volcanii transformations, plasmid DNA was passed through E. coli JM110.
Quantitation of H. volcanii tRNA Lys promoter strength. The transcriptional strength of each tRNA Lys promoter was calculated by using Northern analysis to determine in vivo levels of the tRNA ProM transcript (37) . Cultures of each H. volcanii transformant (100 ml) were grown to a cell density corresponding to an A 550 of 1.0. Cells from each culture were harvested by centrifugation and gently resuspended in 4.5 ml of lysis buffer (10 mM Tris-HCl [pH 8.0], 10 mM NaCl, 1 mM trisodium citrate, 1.5% sodium dodecyl sulfate [SDS] ) and 126 l of diethyl pyrocarbonate (DEPC). The resulting lysate was incubated at 37ЊC for 10 min and then transferred to an ice bath. After a 10-min incubation, 2.25 ml of NaCl-saturated water was gently mixed into the lysate, and the incubation was continued for an additional 15 min. The tube contents were then transferred to a 30-ml Corex centrifuge tube, and the SDS-protein-DNA precipitate was pelleted by centrifugation (12,000 ϫ g for 10 min at 4ЊC). The supernatant, in 6-ml aliquots, was pipetted into 30-ml Corex tubes, and the RNA was precipitated by the addition of 2.5 volumes of ethanol. The RNA was isolated by centrifugation (12,000 ϫ g for 10 min at 4ЊC), washed once in 70% ethanol, and dissolved in 1.2 ml of DEPC-treated water. For transcript analysis, two 0.4-ml aliquots from each RNA preparation were transferred to separate 1.5-ml microcentrifuge tubes, and the RNA was again precipitated. Finally, the RNA pellets were air dried and dissolved in 60 l of 1ϫ RNA loading buffer (20 mM Tris-HCl [pH 7.4], 1 mM EDTA [pH 8.0], 8 M urea, 0.05% bromophenol blue, 0.05% xylene cyanol). The RNAs from each duplicate preparation were separated by electrophoresis through a denaturing (8.3 M urea) 6% polyacrylamide gel and transferred to a Zeta-Probe nylon membrane with an electrophoretic blotter (Idea Scientific). RNA was fixed to the membrane by baking under vacuum (80ЊC, 30 min), and each filter was prehybridized at 50ЊC for 30 min in 5ϫ SSC (1ϫ SSC contains 150 mM NaCl plus 15 mM trisodium citrate)-20 mM Na 2 HPO 4 (pH 7.2)-7% SDS-0.5% nonfat powdered milk-100 g of denatured salmon sperm DNA per ml. The exon 2-specific oligonucleotide TRNAPRO (5Ј-CGAGCTGGGAATT GAACCCAGG-3Ј) was used to detect levels of tRNA 32 P]ATP and T4 polynucleotide kinase, and each oligonucleotide (2.0 ϫ 10 6 cpm) was added to the hybridization solution. Hybridization was allowed to take place at 50ЊC for 24 h. The membranes were then washed three times at room temperature, 10 min for each wash, in 250 ml of 2ϫ SSC-0.5% SDS. Quantitation of hybridizing RNA as counts per minute was determined by using a Betagen Betascope 603 blot analyzer. The values of TRNAPRO-derived signals were then normalized by dividing them by the value of their companion LEU3E-derived signal. The relative transcriptional strength of each promoter was then calculated by expressing this ratio as a percentage of the ratio derived for the wild-type tRNA Lys promoter, which was arbitrarily set at 100. Each value presented is the result of two independent analyses. The reproducibility of the assay was determined by using the wild-type tRNA Lys promoter. In 17 independent determinations, the level of tRNA ProM hybridization relative to that of the tRNA Leu internal control was found to be 33% Ϯ 6% (37). Therefore, only those promoter mutations that gave transcriptional levels 25% above or below the wild-type promoter activity were considered significantly different. It was interesting that the chromosomally encoded tRNA Leu RNA had a higher signal level in Northern analysis than the plasmid-encoded tRNA ProM RNA (H. volcanii tRNA Lys promoter), even though the tRNA ProM gene was present in multiple copies. Unfortunately, we cannot directly compare expression from these two promoters since we have not characterized the tRNA Leu gene, or the turnover of its transcript.
Shuttle expression vector copy number determination and transcription start site identification. The copy numbers of four shuttle expression vectors (wild type, Ϫ27 adenine, Ϫ25 adenine, and Ϫ24 cytosine) were determined to test whether the introduction of point mutations into the tRNA Lys promoter influenced the plasmid copy number. Total DNA was isolated from each of the appropriate H. volcanii transformants (35) , and approximately 10 g of this DNA was digested to completion with EcoRI and MluI in the presence of RNase A (80 g/ml). After electrophoretic separation through a 1% agarose gel, the DNA was transferred by capillary action to a Zeta-Probe nylon membrane. The membrane was then probed with the 32 P-5Ј-end-labeled oligonucleotide 3-hydroxy-3-methylglutaryl-coenzyme A (HMGCoA) (5Ј-GCTGTTGATGACCGAGCAACC-3Ј). The HMGCoA reductase gene, present as a single copy on the plasmid and the chromosome, contains a sequence complementary to this oligonucleotide. Following hybridization for 24 h at 45ЊC, the membrane was washed three times, 1 h each, in 250 ml of 2ϫ SSC-0.5% SDS. The hybridization signals from the chromosomal and plasmid HMGCoA reductase genes were measured in counts per minute with a Betagen Betascope 603 blot analyzer. The plasmid copy number was determined by dividing the plasmid-derived (counts per minute) value by the chromosome-derived (counts per minute) value. Each determination was made in triplicate, and the average value was calculated. The copy numbers for plasmids carrying the wild-type promoter and the Ϫ27 adenine, Ϫ25 adenine, and Ϫ24 cytosine mutations were 16, 12, 17, and 16, respectively.
Primer extension analysis was used to map the transcription initiation start sites of representative promoter mutants. By using the 32 P-5Ј-end-labeled oligonucleotide TRNAPRO as the primer, the transcription start site was determined for the wild-type promoter and the mutant promoters Ϫ27 adenine, Ϫ25 adenine, and Ϫ22 adenine. In each case, transcripts were initiated, as expected, at the guanine residue of the box B element, 5Ј-CTGC-3Ј (data not shown).
RESULTS
We have previously shown that a 48-bp DNA fragment originating from the 5Ј region of the H. volcanii tRNA Lys gene is capable of directing efficient and precise transcription when introduced into these cells on plasmid pWL201 (39) . Using the archaeal box A consensus (41, 47, 48, 51) as a guide, combined with the observation that box A elements are generally located approximately 25 bp 5Ј of the transcription initiation site, we identified the sequence 5Ј-ATTTTACCCAC-3Ј as a potential box A element within the tRNA Lys DNA fragment. To evaluate the role of individual nucleotides within this proposed box A element, we constructed single point mutations that changed each nucleotide in this sequence element to each of the other three possible nucleotides (Fig. 1A ). Each mutant promoter was then placed upstream of the yeast tRNA ProM reporter gene on the H. volcanii-E. coli pWL201 shuttle vector (35) and introduced into H. volcanii.
In examining the transcriptional activities of the 33 mutant promoters, we observed mutations that decreased promoter activity and others that increased transcription to levels higher than that of the wild-type promoter. The most pronounced effects on transcription occurred when changes were introduced in the nucleotides at positions Ϫ29 to Ϫ24, the TATAlike region of the box A element (Fig. 1) . The pattern of transcriptional activities of these mutants revealed preferences for specific nucleotides at some positions and an apparent preference for A-T base pairing at other positions. The effects of these mutations are presented in Table 1 , and the salient features are summarized below.
Replacement of the wild-type adenine at position Ϫ29 with thymine led to the highest level of transcription (270%) observed for all of the promoters tested. A modest increase in transcription was observed when a cytosine was present at this position; however, guanine at this position was inhibitory. Transcriptional properties of mutations at position Ϫ28 indicated that a pyrimidine is required at this position. Substitution of the wild-type thymine by cytosine at this position led to a small decrease in transcription, whereas the introduction of a purine at this position essentially abolished transcription. There was a marked preference for adenine or thymine at positions Ϫ27 and Ϫ26; the presence of guanine or cytosine at these positions strongly inhibited transcription. The introduction of an adenine at position Ϫ27 is also accompanied by a twofold increase in transcription. A similar stimulation in transcription was observed when the thymine at position Ϫ25 was changed to an adenine, again creating a TA dinucleotide. Among the remaining positions examined there was discrimination by the transcription machinery of the nucleotide at position Ϫ24, where adenine was the preferred nucleotide, and at position Ϫ19, where there was a slight preference for guanine. Changes in the nucleotides at positions Ϫ23 to Ϫ21 had little effect on transcriptional activity.
The high level of transcription associated with the Ϫ29 adenine-to-thymine mutation was unexpected and prompted us to examine sequences surrounding the box A element as possible modulators of transcription. We had previously observed that a purine-rich sequence is often found upstream of halobacterial stable RNA genes (9) . To determine if these nucleotides could function in transcriptional control, we constructed a mutant promoter module in which the purine-rich element, 5Ј-GAAAGGAAAG-3Ј, was replaced with the GϩC-rich sequence 5Ј-CCCTTGCGGC-3Ј (Fig. 2A) . Analysis of RNAs isolated from cells carrying the modified upstream region indicated that the replacement of the purine-rich sequence with a GϩC-rich sequence abolished transcription from this promoter (Fig. 2B) . a Experimental values are expressed as a percentage of the wild-type level (arbitrarily set at 100%).
FIG. 3. Halobacterial promoter sequences. (A)
Sequences of halobacterial promoter regions for genes for which the transcription start site has been mapped. Transcription start sites are aligned under the asterisk, and potential box A sequences are underlined. A consensus halobacterial box A element derived from these sequences is shown at the bottom. The following criteria were used to identify possible halobacterial box A elements: the element should be approximately 25 bp 5Ј of the transcription start site, the element should begin with a pyrimidine, and guanine should be excluded from the four adjacent 3Ј positions. Also shown are the archaeal consensus box A (17) and the preferred S. shibatae 16S rRNA box A, derived from in vitro transcription studies (41 Table 1 ). The transcriptional response was most sensitive to changes in the Ϫ29 to Ϫ24 region of the box A element; this region corresponds to the TATA-like sequence of the archaeal box A consensus 5Ј-T/ CTTAT/AA-3Ј (Fig. 3) . The general pattern of sensitivity of the tRNA Lys box A to mutations in this region was strikingly similar to the pattern of sensitivity observed in an in vitro analysis of the S. shibatae 16S rRNA promoter, for which a similar analysis of point mutations in the box A region was performed (17) . For the H. volcanii tRNA Lys and S. shibatae 16S rRNA promoters there is a requirement for a pyrimidine residue at the 5Ј end of the box A element (position Ϫ28 of the tRNA Lys box A) ( Table 1 and Fig. 3 ). This region is followed by a 3-or 4-nucleotide region where there is a preference for A-T base pairs. Cytosine and guanine at these positions strongly inhibit transcriptional activity (17) ( Table 1 ). Both box A elements also share a preference for an adenine nucleotide in the third and fourth positions 3Ј of the T/C nucleotide. This leads to the formation of a TA dinucleotide, a characteristic that is common among highly efficient archaeal promoters, and a feature that is in agreement with the general archaeal box A consensus (18, 41) (Fig. 3) . The nucleotides located in positions 5 through 7 relative to the T/C nucleotide, are less important in determining transcriptional efficiency. A similar pattern of transcriptional inhibition was observed in in vitro studies with an M. vannielii RNA polymerase transcription system when guanine residues were introduced into the box A region of the M. vannielii tRNA Val promoter (18) . An additional study involving the characterization of the H. volcanii HMGCoA reductase gene (27) provides further support for the proposal that TATA-like elements are important for in vivo gene expression in archaea. In this case a guanine-tothymine transversion, converting the box A sequence 5Ј-GTT AGGG-3Ј to 5Ј-TTTAGGG-3Ј, leads to a dramatic increase in the level of HMGCoA reductase transcription in these cells (27) . This is consistent with the results which we have observed for the H. volcanii tRNA Lys promoter (Table 1 ) and the in vitro transcription studies (18, 41) in which G-C base pairs in this region lead to lower transcriptional levels.
It is not clear why G-C base pairs are excluded from archaeal TATA elements. This effect could reflect a specific recognition of the adenine or thymine nucleotides by the TBP, or it may reflect a general requirement for A-T base pairing in this region, possibly enhancing DNA strand separation. Alternatively, the presence of guanine or cytosine could interfere with the binding interaction of the TBP with the DNA. In Eucarya, it appears that the presence of guanine or cytosine in the TATA region prevents binding of DNA to TBP. Cocrystals of a yeast TBP carboxyl-terminal peptide with a TATA-containing DNA fragment indicated that the presence of guanine in this region would interfere with van der Waals interactions between a hydrophobic surface on the TBP and the minor groove of the TATA element, destabilizing DNA binding (25, 50) . Since the amino acid residues involved in the binding of the TATA-element are conserved in P. woesei (43) and Thermococcus celer (31) TBPs, it is likely that these TBPs bind DNA in a manner similar to that of the eucaryal TBPs. The recent characterization of an H. volcanii TBP (38) which also exhibits a high degree of similarity to the eucaryal TBPs suggests that the halobacterial TBPs may also share this mechanism for DNA binding.
On the basis of the results observed for mutations in the H. volcanii tRNA Lys box A element, it appears that the TBP has a high degree of tolerance for binding to the TATA element, provided G-C base pairs do not occur within this 4-bp region. A relaxed recognition pattern is consistent with the observation that a TATA element of five consecutive thymine residues functions as an effective promoter (Table 1 ). This general preference for A-T base pairing in the box A region is also predicted for the consensus for halobacterial box A elements (Fig. 3) .
Following the argument that the archaeal transcriptional machinery is eucaryal-like, the archaeal TBP should recruit other protein factors to establish an initiation complex, and binding of TBP would be only one component in determining the frequency of transcription initiation. In the case of the H. volcanii tRNA Lys promoter, we observed that replacement of the purine-rich sequence, immediately 5Ј of the box A element, with a GϩC-rich sequence completely abolished transcription from this promoter. At present we cannot distinguish whether the purine-rich sequence is essential for expression from this promoter or whether the replacement sequence is inhibitory. However, the fact that sequences upstream of halobacterial box A elements are not highly conserved (Fig. 3) argues that the replacement sequence is not inhibitory; it is more likely that the purine-rich sequence acts to enhance expression from the tRNA Lys promoter. The enhancement of expression could arise from alterations in the local DNA structure, increasing the efficiency of binding of the transcriptional machinery to the box A element or hastening open complex formation. Alternatively, these sequences could aid in the interaction of factors that are specific for the expression of tRNA genes in this organism. Both possibilities are consistent with our current understanding of the transcriptional apparatus of archaea. Further studies will be needed to determine the precise role of these sequences in transcription activation.
